INTRODUCTION
The Himalaya and Tibet stand as the type example of a continent-continent collision: thus the Indo-Asian orogen serves as a paradigm for collisional orogenesis and a testing ground for tectonic models. One overriding tectonic issue is what controls the structural evolution of an orogen. Recent thermal-mechanical models treat the middle and lower crust as profoundly weak, so that, in concert with focused erosion, it dominates metamorphic and structural development (Zeitler et al., 2001; Beaumont et al., 2001 Beaumont et al., , 2004 Jamieson et al., 2002 Jamieson et al., , 2004 . In contrast, classic models of wedge evolution (e.g., forward propagating thrusts; Royden, 1993; Henry et al., 1997; Harrison et al., 1998; Huerta et al., 1998 Huerta et al., , 1999 Bollinger et al., 2006) do not preclude weak portions of the crust, but suggest that these do not induce fl ow or otherwise control overall thermal and mechanical behavior. Fortunately, these two models make signifi cantly different predictions for the thermal and kinematic evolution of metamorphic rocks now exposed in the Himalaya: i.e., Himalayan metamorphic histories serve to discriminate among models for the Indo-Asian orogen. However, it is stressed that this comparison only applies for those times during which presently exposed rocks were metamorphosed, and in this case restricts evaluation of models to times of ca. 10 Ma and greater. The relatively high-temperature metamorphic data discussed in this paper would be blind to younger initiation of channel fl ow.
Past petrologic and chronologic publications presented monazite ages and chemistries, and sparse P-T conditions, to infer thrust rates and chronologic evolution of rocks from the Langtang area, central Nepal, in the region of the Main Central Thrust (MCT; Fig. 1 ; Kohn et al., 2004 Kohn et al., , 2005 Kohn, 2004) . In this paper, I present more comprehensive P-T-t data from the same region, to consider in more detail its metamorphic evolution in relation to competing thermal-mechanical models of the Himalaya. Specifi cally, I consider spatial distributions of P-T conditions, including thermobarometry and phase equilibrium constraints on temperature; P-T evolution both from compositional zoning in minerals, as well as from consideration of structural positions, P-T conditions, and chronologies; and chronology of the prograde, peak, and retrograde P-T paths, including estimates of heating and cooling rates and timing of initial cooling. P-T paths and conditions from the Darondi drainage ( Fig. 1) are also used for comparison , because this is the closest area with comparable petrologic analysis. Many features may be reconciled with critical taper theory, but not with channel fl ow, suggesting channel fl ow was not an important process in the evolution of currently exposed Himalayan metamorphic rocks.
BACKGROUND

Geologic Setting
The Langtang region exposes a classic Himalayan transition from low-grade to high-grade metamorphic rocks structurally upward. Previous work there (Inger and Harris, 1992; Macfarlane et al., 1992; Macfarlane, 1993 Macfarlane, , 1995 Fraser et al., 2000; Pearson, 2002; Kohn et al., 2004 Kohn et al., , 2005 Pearson and DeCelles, 2005) outlined the overall structural and lithologic patterns. In this paper, I generally follow the stratigraphic and structural interpretations of Kohn et al. (2004; Fig. 1 ; Table 1 ), which are quite similar to studies of the past approximately ten years in the area (Parrish and Hodges, 1996; Upreti, 1999; Pearson, 2002; Pearson and DeCelles, 2005) .
In particular, the location of the Main Central Thrust is assigned to the Greater-Lesser Himalayan contact, which, in turn, is based on the occurrence of paragneisses with high ε Nd values, structurally overlying quartzite plus (Ulleri) augen gneiss with low ε Nd values (Parrish and Hodges, 1996; Pearson, 2002) . The quartzite and augen gneiss are recognized as stratigraphically low Lesser Himalayan units, and the Munsiari Thrust (nee Ramgarh Thrust) is based on their structural position above stratigraphically high Lesser Himalayan calcic schists, marble, and graphitic schist. Note that the Munsiari Thrust, rather than Ramgarh Thrust, has primary signifi cance in its type locality in northwest India (Valdiya, 1980) and is the thrust name used in this paper. Structurally lower faults are not directly recognized, but based on stratigraphic and structural similarities elsewhere in Nepal (DeCelles et al., 2001; Robinson et al., 2003 Pearson and DeCelles, 2005; Robinson and Pearson, 2006) , the Lesser Himalayan Duplex is assumed in Lesser Himalayan units below the Munsiari Thrust. Kohn et al. (2004) postulated the presence of the Langtang Thrust, based on differences in Greater Himalayan Tt histories between structurally high gneisses containing sillimanite + K-feldspar (ZG4) and structurally low gneisses (ZG1-3) containing muscovite + sillimanite or kyanite. Metasedimentary rocks of ZG4 are exclusively metaclastic (i.e., probably Formation I of Le Fort, 1975) , but calc-silicates are present in ZG3 (i.e., Formation II); this possible structural repetition supports stratigraphic inference of the Langtang Thrust. All thrusts are assumed to sole into the Main Himalayan Thrust, the master décol-lement of the Himalayan wedge (Zhao et al., 1993; Hauck et al., 1998; Schulte-Pelkum et al., 2005) . Although not directly studied, the South Tibetan Detachment System is inferred to the north of Langtang, juxtaposing low-grade Tethyan rocks against high-grade Greater Himalayan rocks along normal-sense shears. Note that the north-south orientation of the Main Central Thrust in the Langtang region probably results from late-stage warping or an underlying lateral ramp (Macfarlane et al., 1992; Pearson, 2002) . In all other observational respects, including transport direction, stratigraphy, structural style, metamorphic grade, and overall chronology, Langtang is quite similar to other areas of Nepal (Macfarlane et al., 1992) .
Although mineral isograds and P-T conditions are presented in the Results section, it is important that many petrologists have already recognized partial melting textures and P-T conditions conducive to anatexis in Greater Himalayan paragneisses at Langtang (Inger and Harris, 1992; Harris and Massey, 1994; Kohn et al., 2004 Kohn et al., , 2005 Fig. 2) . There is little doubt that at peak metamorphic conditions, partial melts were present in some high-grade Greater Himalayan rocks, although they may not have been abundant everywhere depending on bulk composition.
Of crucial importance to this work, monazite ages have already been collected and reported for the Langtang region in previous publications (Kohn et al., , 2005 . These ages were collected on compositionally distinct domains and related to the overall petrologic and tectonic history. Most importantly for comparison to models, they document broadly in-sequence thrusting, syndeformational metamorphism, the ages of metamorphism, and cooling rates (GSA Data Repository Table DR1   1 ).
CONTRASTING THERMAL-MECHANICAL MODELS: CRITICAL TAPER VERSUS CHANNEL FLOW
Critical taper theory is based on mechanical models that assume a wedge of deforming rock is everywhere at a condition of critical failure (Dahlen, 1990) . In general, such a wedge may maintain its size, if erosion at its upper surface is balanced by underplating of new material at its base, or it may grow by accretion of material to its base. Both processes yield in-sequence thrusting. Focused removal of material from the upper surface of the wedge can destabilize it (to either super-critical or sub-critical conditions, depending on location and rates of removal), poten- (Upreti, 1999) ; here divided into ZL1-4 (structurally lowest to highest) Main Himalayan Thrust (MHT)
Master décollement beneath Himalayan wedge (Zhao et al., 1993; Hauck et al., 1998; Schulte-Pelkum et al., 2005) , into which all thrusts are thought to sole Langtang Thrust (LT) High-level thrust within GHS Main Central Thrust (MCT)
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Thrust contact with lower LHS above upper LHS; often referred to as the Ramgarh Thrust (DeCelles et al., 2001) or MCT1 (Arita, 1983) ; sometimes referred to as the MCT (Vannay and Grasemann, 1998) tially leading to extension, internal thickening (out-of-sequence thrusting), and/or continued accretion at the base of the wedge (Fig. 3) .
Channel fl ow models link overall wedge evolution to coupling between a profoundly weak channel of migmatitic rocks and focused erosion at an orogenic front (Beaumont et al., 2001 . In these models, deformation focuses into the channel, and partially molten rocks tunnel toward the foreland, advecting heat and mass. Thrust-and normal-sense shearing occur along the channel's lower and upper bounds, respectively (Fig. 4) .
In general, it is important to identify features that do not distinguish these models, as well as those that do. For example, both models accommodate lower level thrusting, higher level normal faulting, and partially molten rocks that were deformed at high temperature and exhumed along the Himalayan front. That is, the presence of a (deformed) channel does not validate large-scale channel flow, even if such a channel shows normal-and thrust-sense shear structures at high and low structural levels, respectively. As already mentioned, few petrologists doubt that some Greater Himalayan rocks were partially molten in the middle and lower crust. And few metamorphic rocks in the Himalaya are undeformed. Insofar as structurally high normal shears and structurally low thrusts can occur in both models , Greater Himalayan textures alone do not defi nitively differentiate channel fl ow versus critical taper.
Instead, end-member channel fl ow versus critical taper models may be distinguished from the scale effect of a presumed channel. Very generally, critical taper predicts a small scale effect (Fig. 3) : although specifi c local structures may well nucleate in the channel and deform it, the orogen as a whole does not respond to it. If fl ow occurs in the channel, it is restricted to small distances and has minor infl uence on thermal structure. Although isotherms are bowed due to underthrusting of the Indian subcontinent, partially molten rocks remain deep within the orogen, relatively far from the front. In contrast, the channel fl ow model predicts a large-scale effect (Fig. 4) ; indeed, the channel dominates tectonics and metamorphic evolution of the entire orogen, with fl ow occurring over ~150 km and tens of m.y. (Fig. 4 ; Beaumont et al., 2001 Beaumont et al., , 2004 Jamieson et al., 2002 Jamieson et al., , 2004 . Structurally and thermally, the channel tunnels upward toward the foreland, ultimately bowing isotherms and bringing partially molten Greater Himalayan rocks close to the surface.
These differences in physical scale imply major differences in the metamorphic and chronologic evolution of high-grade rocks of the Himalayan metamorphic core (Table 2 ; Fig. 5 ). Compared to critical taper models, channel fl ow advects "extra" heat, yielding relatively high temperatures at low pressures for both Greater and Lesser Himalayan rocks, and maintaining high temperatures for Greater Himalayan rocks until relatively late in their evolution. In contrast, critical taper advects much less heat, producing relatively low temperatures at high pressures for both Greater and Lesser Himalayan rocks, and causing Greater Himalayan rocks to cool relatively early. These implications can be directly evaluated based on detailed analysis of P-T-t evolution.
Many specifi c computer experiments have been presented both for channel fl ow (Beaumont et al., 2001 ) and for wedges that maintain self-similar shapes (e.g., Henry et al., 1997) . However, some models explored sensitivity to input parameters, and consequently have been shown to violate one or more basic observations in the Himalaya (Henry et al., 1997; . For comparison, I adopt the thermal modeling results of Henry et al. (1997; models 3 and 4) as modifi ed by Bollinger et al. (2006) for critical taper, and Jamieson et al. (2004) for Jamieson et al. (2004) ; those for critical taper are based on Henry et al. (1997) and Bollinger et al. (2006) . Predicted heating and cooling rates for critical taper assume instantaneous underplating. Text in bold shows predictions that generally correspond with observations. N.D.-not determined because some predictions for critical taper are sensitive to assumptions, i.e., observations can be matched, but correspondence is not diagnostic. The predicted peak ages for critical taper assume a 2 cm/yr convergence rate. P-pressure; T-temperature. K y a n it e S il li m a n it e M s + P l + Q tz A ls i + K fs + m e lt C h a n n e l F l o w i n i t i a l P -T Critical Taper channel fl ow, as these are viewed by their authors to most closely match geologic data. Strictly speaking, the Henry-Bollinger models are not critical wedges because the mechanical state of the wedge is not specifi ed to deduce the geometry of the upper surface and the underlying décolle-ment. Nonetheless, these models prescribe erosion, yet also maintain the geometry and thermal structure of the wedge, which requires conditions that closely approximate critical taper. For example, both the models and critical taper require erosion, underplating, in-sequence thrusting, and steady-state thermal and mechanical conditions. Consequently, for convenience, I refer to them as "critical taper" models.
Predicted P-T-t histories (Fig. 5 ) illustrate the profound differences between critical taper and channel fl ow models. For example, critical taper predicts peak P-T conditions well within the kyanite stability fi eld ( Fig. 5A ), generally increasing P's and T's structurally upward (although fi eld gradients are strongly infl uenced by details regarding erosion and underplating rates; Fig. 5B ), P-T histories that involve high-T isobaric cooling for Greater Himalayan rocks and "hairpin" P-T paths for Lesser Himalayan rocks (in which P's and T's simultaneously increase, then simultaneously decrease; Fig. 5C ), and T-t histories that involve short periods at high temperature (Figs. 5D-5E). In contrast, channel fl ow predicts peak P-T conditions well within the sillimanite stability fi eld ( Fig. 5A ), pronounced peaks in P's and T's structurally just above the Main Central Thrust with sharp gradients structurally downward and moderate gradients upward (Fig. 5B ), P-T histories that involve high-T isothermal exhumation of Greater Himalayan rocks and isobaric heating for Lesser Himalayan rocks (Fig. 5C ), and thermal histories that involve long periods at high temperature and late cooling (Figs. 5D-5E ).
These differences in P-T-t evolution can be understood in terms of the extra heat advected by fl owing Greater Himalayan rocks in channel fl ow models. This extra heat causes the P-T array to evolve from initially cold conditions to hot conditions (Fig. 5A) , virtually contact metamorphosing Lesser Himalayan rocks at shallow levels, and yielding extreme T and P gradients structurally downward (Fig. 5B) . Advection of Greater Himalayan rocks close to Earth's surface before they solidify produces nearly isothermal exhumation P-T paths (Fig. 5C) , and protracted periods at high T terminated by late and rapid cooling (Fig. 5D ). The sharpness of the P and T gradients (Fig. 5B) is a refl ection of the narrowness of the channel. In contrast, critical taper models are steady state; therefore, initial and fi nal P-T arrays are the same, and rocks remain relatively cold in the absence of extra, fl ow-related advective heat contributions. Because particle paths are dominated by lateral rather than vertical movement (see Harrison et al., 1998; Bollinger et al., 2006) , rocks follow closely the P-T array near the Main Himalayan Thrust, which produces isobaric cooling for Greater Himalayan rocks along the relatively fl at portion of the Main Himalayan Thrust and "hairpin" paths for Lesser Himalayan rocks along its ramp (Figs. 3 and 5C ). Rapid shearing and underplating along the Main Himalayan Thrust implies that rocks do not remain long near their thermal peak (Figs. 5D-5E ).
RESULTS
Brittle Structures, Foliations, Mineral Isograds, P-T Conditions, and P-T-t Evolution
No brittle structures were found along unit boundaries, and no systematic orientation was found for any of the small faults that were observed, in agreement with previous studies (Pearson, 2002; Pearson and DeCelles, 2005) . Thus, no evidence was found for a brittle duplex as proposed by Macfarlane et al. (1992;  see discussion in Appendix: Methods). At the Trisuli River, foliation orientations average ~N25W45NE (to the nearest 5°); toward the east, they rotate and shallow to ~N35W35NE approaching Langtang village. No extensional fabrics were observed.
Mineral isograds (Fig. 1) show the wellknown metamorphic inversion associated with the Main Central Thrust, with metamorphic grade increasing progressively from garnet, staurolite, and kyanite grade, within the Lesser Himalayan Sequence, to sillimanite-muscovite and sillimanite-K-feldspar grade in the Greater Himalayan Sequence. P-T conditions (Table 3 , Fig. 6A ) within the Lesser Himalayan (Lesser Himalayan Duplex and Munsiari Thrust) and lower Greater Himalayan Sequences (basal Main Central Thrust sheet) fall well within the kyanite stability fi eld; with increasing structural level, temperatures continue to increase, but pressures decrease, ultimately yielding P-T conditions well within the sillimanite stability fi eld. Temperatures show little variation within structurally lower Lesser Himalayan rocks, a strong gradient across the Munsiari Thrust and Main Central Thrust from ~550 °C to ~700 °C, and a gradual increase upsection within the Greater Himalayan Sequence, reaching ~825 °C in the Langtang Thrust (Fig. 6B) . Temperatures for structurally lower rocks are verifi able by phase equilibria but are otherwise more diffi cult to confi rm in the Langtang Thrust sheet; slightly lower temperatures (750-800 °C) have been reported for Greater Himalayan rocks near Langtang (Inger and Harris, 1992) . Interpretations are not strongly infl uenced if lower temperatures are assumed for Langtang Thrust rocks. Pressures are generally 8-12 kbar but are lower in structurally lower Lesser Himalayan rocks and in the Langtang Thrust sheet (~8 kbar) compared to the Munsiari Thrust and lower part of the Main Central Thrust (10-12 kbar; Fig. 6C ). A ~2 kbar pressure rise occurs across the Munsiari Thrust and Main Central Thrust and corresponds with the large temperature rise. All trends are indistinguishable from P-T conditions and trends reported at Darondi Figs. 6B-6C) , where the Main Central Thrust has a more typical E-W strike.
Few rocks are well suited for P-T path calculations. Mineral inclusions are sparse and do not directly constrain prior metamorphic assemblages, which might be linked to P-T evolution, leaving garnet zoning as the main record of changing P-T conditions. For Lesser Himalayan rocks, temperatures were suffi ciently low that prograde garnet compositions are generally retained Kohn et al., 2001 Kohn et al., , 2004 . However, all Greater Himalayan rocks reached suffi ciently high temperatures that diffusion partly (lower Main Central Thrust) or wholly (upper Main Central Thrust, Langtang Thrust) erased original zoning in major elements (Kohn and Spear, 2000; Kohn et al., 2004) .
Despite the present failure to constrain prograde P-T paths for Greater Himalayan rocks, consideration of their retrograde history implies isobaric cooling. Monazite chronology of intracrystalline domains, linked to domain chemistry and prograde reactions, shows that structurally higher rocks were cooling while the next lower level was heating . For example, rocks of the Langtang Thrust sheet were cooling during the interval 21-15 Ma while rocks of the Main Central Thrust sheet were heating, presumably because of movement on the Langtang Thrust during that time. A similar relationship holds for the Main Central Thrust versus Munsiari Thrust sheets between 16 and 11 Ma. Because pressures were high (8-12 kbar), upper plate cooling resulted from thrust emplacement and lateral movement of rocks, rather than erosion and vertical movement of rocks toward the surface. Correction of structural thickness for present-day dip shows that calculated pressures for Greater Himalayan rocks resemble a lithostat, implying that lateral movement occurred without (signifi cant) accompanying erosion. This inference accords with the reconstructed position of these rocks, far in the hinterland, where erosion rates are expected to have been lower than toward the foreland. Lateral movement of upper plate rocks in the absence of signifi cant erosion implies isobaric cooling (Fig. 6D) .
Within the Lesser Himalayan Sequence, few units other than the Kuncha (unit ZL1, Fig. 1 ) contain both garnet and plagioclase, from which changes in pressure may be calculated. At Langtang, two P-T paths have been calculated from the Kuncha (Kohn, 2004) , and show heating with an increase in pressure, indistinguishable from paths from structurally low Kuncha schists at Darondi ; Fig. 6D ). Based on their structural position and thermal models, these paths were interpreted to be "hairpin," although in principle a phase of isothermal exhumation cannot be discounted. Structurally higher schists at Darondi, presumably below the Munsiari Thrust, show "clockwise" paths including a late-stage decrease in pressure with an increase in temperature . No evidence was found for signifi cant isobaric heating.
Reconstructed T-t histories for the Greater Himalayan Sequence at Langtang (Fig. 7A) show relatively short durations at conditions above muscovite dehydration-melting (~5 m.y. at T≥700 °C) and slow cooling rates (at least by Himalayan standards) of ~35 °C/m.y. T-t histories for Lesser Himalayan rocks (Fig. 7B) Ar ages between the Munsiari Thrust and Main Central Thrust, such that the structurally lower Munsiari Thrust actually cooled through muscovite closure earlier than the overlying Main Central Thrust (ca. 9 versus ca. 7 Ma, respectively; Macfarlane, 1993; Fig. 7 ).
DISCUSSION
Past Petrologic and Structural Results and
Semantics of "Main Central Thrust" P-T results (Fig. 6) show similarities with work by Inger and Harris (1992) but differ markedly from Macfarlane (1995) . Inger and Harris (1992) calculated generally increasing temperatures structurally upward, with decreasing pressures from the Munsiari Thrust through the Langtang Thrust (see also Fraser et al., 2000) , in general correspondence with results shown in Figure 6 . Calculated pressures within the Langtang Thrust are generally lower than described in this paper, partly due to differences in estimated temperatures. Results of Macfarlane (1995) are most different, especially calculated temperatures, which are uniformly ~600 °C. Although these T's are consistent with phase equilibria of the Lesser Himalayan Sequence, they are inconsistent with the presence of partial melts that formed by muscovite dehydration-melting in much of the Greater Himalayan Sequence (Inger and Harris, 1992; Harris and Massey, 1994; Kohn and Spear, 2000; Kohn et al., 2004 Kohn et al., , 2005 . Calculated T's are likely so low and constant across such a large range of metamorphic grade because compositions were collected close to the edges of garnet crystals (Macfarlane, 1995) . Diffusional resetting of Fe-Mg systematics is essentially globally documented for Fe-Mg exchange thermometers. Cooling rates and diffusive properties of major cations in garnet (Carlson, 2006) imply a closure temperature for the garnet-biotite thermometer in these rocks of ~600 °C for near-edge points. That is, the compositions used to estimate temperatures probably resulted in gross underestimates for migmatitic rocks. Increasing calculated temperatures by ~150 °C for the Greater Himalayan Sequence increases pressures by ~3 kbar, bringing P-T conditions into closer correspondence with those shown in Figure 6 . Macfarlane et al. (1992) presented a structural interpretation of the Langtang area that included thrust boundaries along each major lithologic contact, i.e., 11 thrusts, in all, forming a duplex. As discussed by others (Pearson, 2002; Pearson and DeCelles, 2005) , and as was found in this study, brittle faults in the area exhibit no systematic orientation or displacement. Although ductile displacement may well have occurred along lithologic boundaries, perhaps even all of them, the greatest change in metamorphic conditions occurs across the Munsiari Thrust and Main Central Thrust. This result implies that the biggest thrusts in the area are at these two well-recognized boundaries and are not distributed through a broader zone, as might be implied by the interpretations of Macfarlane et al. (1992) . This result has further implications for the occurrence of a "Main Central Thrust zone" of distributed shear, versus major discrete faults.
In the Himalayan literature, there is longstanding discussion of how shear displacement was distributed near the Main Central Thrust. Some have argued for major discrete thrusts, whereas others have argued for distributed shear over thicknesses up to 10 km. This issue affects even the designation of "Main Central Thrust." Some defi ne it based on the specifi c (thin) contact surface between the Greater and Lesser Himalayan Sequences ("MCT", e.g., Fig. 1 ; Heim and Gansser, 1939) , many others describe a zone of distributed shear ("Main Central Thrust zone"), and still others defi ne upper and lower surfaces-respectively, either "MCT" and "MCT1" (Arita, 1983) or "MCT1" and "MCTII" (Saklani et al., 1991) . The problem is complicated by the fact that thrust-sense shear indicators are ubiquitous within rocks of garnet and higher grade, but they are not uniformly developed because of differences in displacement amounts and rheologies. Thus, any of these designations can be justifi ed on the basis of fabrics.
Two features of the P-T results at Langtang (Fig. 6 ) bear directly on these semantics. Firstly, shear could not have been uniformly distributed, but was focused in a ≤2-km-thick zone. This result implies that a "thick" Main Central Thrust zone of up to 10 km, inferred from fabrics (e.g., Kohn et al., 2001) , does not accurately represent the displacement history. Secondly, the base of the P-T gradient appears to be bounded by the Munsiari Thrust, but its top occurs signifi cantly (~1 km) above the Main Central Thrust. If one subscribes to the "MCT-MCT1" or "Main Central Thrust zone" semantics, then the Munsiari Thrust forms the base (i.e., "MCT1"), but the contact between the Greater and Lesser Himalayan Sequences (stratigraphic Main Central Thrust) is merely one surface approximately at the center of a thicker shear zone and has no extraordinary structural signifi cance, at least at Langtang.
In my view, it is worthwhile retaining the stratigraphic defi nitions for the Main Central Thrust (Greater Himalayan Sequence above Lesser Himalayan Sequence) and Munsiari Thrust (lower Lesser Himalayan rocks above upper Lesser Himalayan rocks), as they distinguish lithologically distinct units and have additional structural signifi cance ( Fig. 1 ; Pearson, 2002; Martin et al., 2005; Pearson and DeCelles, 2005) . The term "Main Central Thrust zone" retains meaning, but may be diffi cult to assign without detailed petrologic analysis that identifi es displacement magnitudes independent of simple structural observations. Micas and melts in schists and migmatites may accommodate large displacements, yet after post-deformational annealing or crystallization fail to retain much evidence for this shear. The Main Central Thrust versus MCT1 (or MCT1 versus MCTII) designation seems most problematic. If these names are intended to correspond to the stratigraphically defi ned Main Central Thrust and Munsiari Thrust, then they should simply be labeled "Main Central Thrust" and "Munsiari Thrust." If instead they are intended to correspond to the top and bottom of a Main Central Thrust zone, then they should be labeled as zone boundaries. Labeling both of them Main Central Thrust does not account for signifi cant shear that has occurred above the stratigraphically defi ned Main Central Thrust, and unnecessarily confuses the relationship with the Munsiari Thrust.
Comparison of Results to Critical Taper and Channel Flow Predictions
This section compares P-T-t conditions and histories to those predicted by critical taper and channel fl ow models. Results are summarized in Table 2 .
P-T Conditions and Paths
The high pressures at relatively low temperatures recorded by the Lesser and lower Greater Himalayan Sequences, well within the kyanite stability fi eld, compare well with critical taper predictions (Fig. 6A) . However, predicted pressures for migmatitic Greater Himalayan rocks are too high-~12 rather than ~8 kbar. One way of reconciling these differences recognizes that most published critical taper models assume steady state, whereas, in fact, a wedge evolves. If the Main Himalayan Thrust progressively deepened in the hinterland, e.g., from ~28 km depth to ~40 km depth, then migmatitic rocks of the Greater Himalayan Sequence with pressures of ~8 rather than ~12 kbar would be transported and exposed. This implies that pressures should increase and temperatures decrease structurally downward toward the Main Central Thrust, as observed.
Similarly, changes to rates of erosion and underplating would lead to large variations in metamorphic fi eld gradients in temperature and pressure; therefore, no direct comparison in Figure 6 can be made. Nonetheless, it is worth noting that within the context of critical taper models, large T gradients, as exhibited across the Main Central Thrust and Munsiari Thrust, imply lateral juxtaposition of rocks with different temperatures but similar pressures. Such behavior occurs during times of little underplating, simply horizontal transport through a lateral thermal gradient. In contrast, small gradients, as exhibited within the Lesser Himalayan Duplex and migmatitic Greater Himalayan Sequence, imply repeated underplating of rock packages at similar pressures and temperatures. Insofar as the state of the wedge is related both to underplating and erosion, large versus small P and T gradients may also indicate times of reduced versus increased erosion. In the context of underplating, the wedge may have been accreting prior to ca. 20 Ma, in stasis between ca. 20 and ca. 10 Ma, and actively accreting subsequent to ca. 10 Ma,
The channel fl ow model matches the P-T conditions of migmatitic Greater Himalayan rocks (Fig. 6A ), but this result is not very diagnostic because this model predicts transport of these rocks, as partial melts at nearly constant temperature, from depths of 45-25 km (P's of 13-7 kbar; Figs. 5A-5C ). Given such a large pressure range, which in fact overlaps the critical taper prediction, it would be surprising if the model failed to match observed P's at the specifi ed T. More diagnostic are P-T conditions for nonmigmatitic rocks of the Greater and Lesser Himalayan Sequences, because these are especially sensitive to heat transport by channel fl ow. Channel fl ow predicts much lower pressures than observed because of the extra heat transport in the channel. It appears the only way to reconcile such a thermal-mechanical model with P-T observations would be to eliminate the extra heat advection associated with the channel, i.e., to "turn off" channel fl ow.
Channel fl ow also predicts larger temperature and pressure gradients than observed (Fig. 6) , and highest temperatures close to the base of the migmatite zone, whereas, in fact, temperatures gradually increase upsection. Poor correspondence is especially pronounced for the Langtang Thrust, where the channel fl ow model predicts temperatures 100-300 °C too low. Similarly, channel fl ow predicts P-T conditions for the Lesser Himalayan Duplex corresponding to greenschist facies rocks at P's of 4 kbar or less, not the observed amphibolite facies schists at P's greater than 6 kbar.
Possible "hairpin" P-T paths within the Lesser Himalayan Duplex and isobaric cooling of Greater Himalayan migmatites support the critical taper model (Fig. 6D) . In contrast, channel fl ow predictions of isothermal decreases in pressure for Greater Himalayan rocks and isobaric heating of Lesser Himalayan rocks are not evidenced. Neither model explains well the "clockwise" paths from Darondi. This issue is considered in more detail in "Evolution of the Munsiari Thrust" after discussion of T-t paths.
T-t Paths and Lesser Himalayan Duplex Erosion
For Greater Himalayan rocks, short durations near peak temperatures for Langtang Thrust and Main Central Thrust rocks (~5 m.y.) and relatively slow cooling rates are most consistent with critical taper models (assuming underplating is rapid; Fig. 7 ). These two observations contrast markedly with channel fl ow predictions, which instead imply much later cooling (<10 Ma) than actually observed (>10-15 Ma; also pointed out by Jamieson et al., 2004 ) and much longer times near peak metamorphic conditions than observed (>15 and >10 m.y. for the Langtang Thrust and Main Central Thrust, respectively, versus ~5 m.y.). Both predictive failures result from movement of the channel itself as it advects heat over long distances. This process retains high temperatures for long periods and retards cooling until rocks are close to the erosional front. Reducing the amount of time at which migmatitic rocks remained hot, and cooling them earlier and farther from the erosional front, does allow T-t histories to be matched, but is tantamount to shutting down channel fl ow altogether.
For Lesser Himalayan rocks, the overall patterns of heating and cooling resemble both the channel fl ow and critical taper predictions (Fig. 7) , but in detail both models consistently underestimate cooling rates, and the channel fl ow model signifi cantly overestimates the peak metamorphic age for Lesser Himalayan Duplex rocks. In both the Munsiari Thrust and Lesser Himalayan Duplex, observed rates are ≥~100 °C/m.y., whereas critical taper and channel fl ow predict slower cooling rates ≤75 °C/m.y., respectively. For the Lesser Himalayan Duplex, this disparity may simply result from combination of thrusting within the duplex with rapid focused erosion above it. As shown by Lavé and Avouac (2001) , maximum erosion rates at the Himalayan front coincide with the Lesser Himalayan Duplex at Langtang and are at least 6 mm/ yr. Considering that Lesser Himalayan Duplex rocks must have been exhumed at rates of ~8 mm/yr, focused erosion (unaccounted for in critical taper models) could have played a major role in cooling these rocks. Similarly, moving the (focused) erosional front toward the foreland in channel fl ow models provides extra vertical advection of the Lesser Himalayan Duplex and increases cooling rates. Thus, small adjustments to either model could readily account for Lesser Himalayan Duplex cooling rates. The disparity in cooling rate for the Munsiari Thrust does not appear to result from vertical movement, and other explanations are needed.
Evolution of the Munsiari Thrust
The T-t history of the Munsiari Thrust cannot be explained in the context of rapid cooling rates (>100 °C/m.y.) and high emplacement pressures (≥8 kbar). These features imply rapid lateral transport of the thrust sheet, possibly as fast as total Indo-Asian convergence rates . The calculated cooling rate hinges critically on the assumed closure temperature of muscovite (~400 °C for coarse grains, rapid cooling, and high pressures; Hames and Bowring, 1994; Lister and Baldwin, 1996) , and if this is underestimated, then cooling and convergence accommodation rates drop. Nonetheless, two observations point to brief, rapid movement of the Munsiari Thrust.
First, Lesser Himalayan rocks below the Munsiari Thrust at Darondi show "clockwise" P-T paths. Classical models of thrust development (e.g., England and Thompson, 1984) show that such paths form during "single slip" events (Fig. 6D) . In the simplest case, a thrust fi rst moves, causing P and T to increase in the footwall; it then stops, allowing isotherms to relax and footwall temperature to increase, while erosion removes overburden, causing pressures to decrease. The combination of increasing temperature with decreasing pressure implies relaxation of perturbed isotherms following some tectonic disturbance that simultaneously induced erosion. For the Himalaya, it is unlikely that thrusting ever stopped, but if its rate increased briefl y at ca. 10 Ma, during movement of the Munsiari Thrust, then a later slowdown in the rate would allow isotherms to relax in the footwall, increasing temperature at either constant or decreasing pressure. This hypothesis leads to "clockwise" P-T paths as documented at Darondi Kohn et al., 2001) .
Second, although muscovite ages might have higher closure temperatures than assumed, ages in the Munsiari Thrust sheet still exceed those in the immediately overlying Main Central Thrust sheet (Macfarlane, 1993) . Even in the Himalaya, thermal models generally predict decreasing temperatures between the active thrust and Earth's surface, implying that structurally higher rocks should cool through muscovite closure earlier than lower rocks. One explanation for the age inversion is that it refl ects a briefl y inverted geotherm, itself the result of rapid thrusting on the Munsiari Thrust. As discussed by many (e.g., Harrison et al., 1992; Molnar et al., 1993; Kohn et al., 2004; Molnar, 2005) , diverse data suggest major restructuring of the Indo-Asian collision at ca. 8-10 Ma. A change in the rate of Himalayan thrusting about that time or immediately prior may form one component of this larger pattern.
Other Models of Himalayan Inverted Metamorphism and Greater Himalayan Anatexis
Several other explanations have been presented for the inverted metamorphism of the Greater and Lesser Himalayan Sequences, but none provides good correspondence with observations at Langtang. The classic "hot-iron" model of Le Fort (1975) argued for post-thrusting heat conduction from Greater to Lesser Himalayan rocks, implying both that metamorphism should postdate deformation, and that pressures should be highest in Lesser Himalayan rocks. Conversely, Hubbard (1996) proposed that metamorphism pre-dated deformation, and that late-stage ductile shear and folding produced an apparent inverted metamorphic gradient. In fact, metamorphism was synchronous with deformation, ruling out both the hot-iron and post-metamorphic shear models.
The other commonly considered model, ductile extrusion (Grujic et al., 1996) , proposes that Greater Himalayan rocks were extruded with thrust-sense shear along the Main Central Thrust (plus other thrusts) and normal-sense shear along the South Tibetan Detachment System. If this model differs from channel fl ow, it is mainly in terms of scale, because channel fl ow implies much larger displacements on the Main Himalayan Thrust and South Tibetan Detachment System than required by extrusion. Although extrusion does explain better the relationship between deformation and metamorphism, most authors depict comparable amounts of shear on the thrusts versus the South Tibetan Detachment System. In fact, displacement amounts appear to have been quite different. The combined displacement of the Main Central Thrust plus Munsiari Thrust alone approaches 200 km, and including the Langtang Thrust and Lesser Himalayan Duplex more than doubles this estimate (DeCelles et al., 2001; Robinson et al., 2003 Kohn et al., 2004) . In contrast, a temperature difference of 400 °C between Tethyan versus Greater Himalayan rocks, and a dip angle of 30° for the South Tibetan Detachment System, imply only ~40 km of displacement, mainly because vertical temperature gradients crossed by the South Tibetan Detachment System are much higher than lateral temperature gradients crossed by most of the thrusts. That is, although the South Tibetan Detachment System may well have been important in exhuming Greater Himalayan rocks, there is as yet no direct evidence for displacement amounts comparable to the thrusts.
The origin of Greater Himalayan anatexis does not strongly infl uence interpretations regarding most appropriate thermal-mechanical models once Main Himalayan Thrust movement began-most mechanisms that create a lateral thermal gradient with hot rocks in the hinterland (Figs. 3-4) will reproduce the gross metamorphic features of the orogen. Regardless of this initiating mechanism, P-T-t data can be used, as was done in this paper, to evaluate synto post-anatectic thermal-mechanical evolution.
Most models assume that anatexis results from progressive accretion of metasediments and radioactive heating over tens of m.y., yet it is by no means clear that melts formed this way. The occurrence of eclogite in the main belt of Greater Himalayan rocks of southern Tibet and eastern Nepal (Lombardo and Rolfo, 2000; Kohn and Parkinson, 2002; Parkinson and Kohn, 2002) suggests that at least part of the Greater Himalayan Sequence was subducted to depths of at minimum 60 km, detached from the downgoing slab, then buoyantly extruded, crossing dehydration-melting reactions . If this interpretation is correct, none of the published thermal-mechanical experiments is correct for early metamorphism, neither critical taper models that assume steady state (Henry et al., 1997; Bollinger et al., 2006) , nor channel fl ow models that assume a "plateau building" accretionary stage lasting ~20 Myr Jamieson et al., 2004) . In this context, the main Indo-Asian collision may not have begun until 34 Ma (Aitchison et al., 2007) , implying insuffi cient time to attain steady state or produce a channel by radioactive heating. Alternatively, if the Main Himalayan Thrust in eastern Nepal simply dips more steeply, it could potentially exhume eclogites from 60-km depth, rather than 30-to 40-km-deep amphibolite facies rocks elsewhere in Nepal. More widespread evidence for eclogite facies minerals within Greater Himalayan rocks may ultimately require reconsideration of the early Himalayan history and radical revision of thermal models.
The Indian Monsoon, the Lesser Himalayan Duplex, and Modern Channel Flow
Although P-T-t data provide strong support for a critical taper rather than channel fl ow interpretation for the evolution of the Greater Himalayan Sequence, channel fl ow may well have initiated as early as ca. 10 Ma and be ongoing today. Specifi cally, the Lesser Himalayan Duplex started forming sometime after movement of the Munsiari Thrust at 10-11 Ma , arguably at ca. 8 Ma, based on monazite ages from Lesser Himalayan rocks along strike (Harrison et al., 1997; Kohn et al., 2001 Kohn et al., , 2004 . This age (≤11 Ma and by 8 Ma) corresponds generally with changes to the architecture of the IndioAsian collision and the Indian monsoon (Harrison et al., 1992; Molnar et al., 1993; Molnar, 2005; Kohn and Fremd, 2006) . Possibly erosion patterns shifted at ca. 10 Ma, focusing on the part of the wedge currently occupied by the Lesser Himalayan Duplex.
Focused erosion would lead to subcritical conditions in the wedge, resulting in modern out-of-sequence thrusting and duplex development (Dahlen, 1990) . Both expectations are evidenced by formation of the duplex (Robinson et al., 2003 , as well as young monazite ages from the Lesser Himalayan Duplex (≤4 Ma; Catlos et al., 2001 Catlos et al., , 2007 Kohn et al., 2004 ) that overlap movement of the Main Boundary Thrust (MBT) (as early as 5 Ma; DeCelles et al., 1998) , and even possible modern out-of-sequence thrusting in the Lesser Himalayan Duplex (Wobus et al., 2005) . Focused erosion in the Himalayan front and presence of migmatites in the hinterland (if they existed at 8-10 Ma, as they did between 15 and 20 Ma) matches the requirements of the channel fl ow models. Thus, the failure of channel fl ow to explain the pattern of metamorphism of presently exposed rocks may not generally invalidate the model; rather, channel fl ow may have initiated later than assumed.
Separating climate from tectonics remains problematic, however, and in principle the duplex may have formed because of an underlying ramp, i.e., some change in the boundary condition of the underthrust Indian crust. An increased topographic gradient above the ramp would naturally focus erosion there, providing positive feedback for duplex development. If underlying structure initiated focused erosion and development of a duplex, then timing would likely be diachronous across strike. In contrast, a climate change mechanism would presumably impart synchronous changes to erosion patterns and duplex development. Obviously investigation of the timing of duplex development along strike could help resolve driving forces for focused erosion, duplex development, and possible late-stage channel fl ow.
CONCLUSIONS
(1) P-T-t histories of rocks from the Langtang and Darondi areas differ considerably from predictions from channel fl ow. Most importantly, channel fl ow requires major advection of heat along the channel as migmatitic rocks tunnel toward a focused erosional front. For Greater Himalayan rocks, this advection produces highest temperatures near the base of the Main Central Thrust, long residence times at high temperature, isothermal exhumation P-T paths, and rapid cooling (~70 °C/Myr) after 10 Ma. For Lesser Himalayan rocks, channel fl ow produces peak P-T conditions well within the sillimanite stability fi eld, large temperature and pressure gradients below the Main Central Thrust, and isobaric heating P-T paths. Most channel fl ow predictions stand in stark contrast to observations (Table 2) .
(2) Although predictions from critical taper models are less specifi c, modeling of Henry and coworkers (Henry et al., 1997; Bollinger et al., 2006 ) matches many key observations (Table 2) . For Greater Himalayan rocks, these include: increasing temperatures far above the Main Central Thrust, short residence times at high temperature, isobaric cooling of Langtang Thrust rocks and Main Central Thrust rocks, and slow cooling rates (<50 °C/m.y.). For Lesser Himalayan rocks, these include: P-T conditions and P-T paths that are well within the kyanite stability fi eld, inferred "hairpin" P-T paths, and a metamorphic fi eld gradient of ~50 °C/kbar.
(3) Other models that have been proposed to explain the inverted metamorphism, such as "hot-iron" (Le Fort, 1975) , post-metamorphic shearing or folding (Hubbard, 1996) , and ductile extrusion (Grujic et al., 1996) do not explain basic metamorphic and tectonic features, including synthrusting metamorphism and grossly different displacement amounts on the underlying thrusts versus extensional structures.
(4) For the Lesser Himalayan Duplex, models do not match rapid cooling, but also do not simultaneously account for combined rapid underplating plus focused erosion above this structure. This combination would produce faster than anticipated cooling rates, and is supported by ≥6 mm/yr erosion rates above the Lesser Himalayan Duplex today (Lavé and Avouac, 2001 ).
(5) For the Munsiari Thrust, a roughly doubled displacement rate is suggested by chronology within the sheet Ar ages. A subsequent slowdown in displacement rate would yield the clockwise P-T paths that are observed in structurally lower rocks. Anomalous movement of the Munsiari Thrust could have occurred within a larger framework of reorganization of deformation across the Indo-Asian collision at ca. 10 Ma Molnar, 2005) .
(6) Although the petrologic and chronologic data argue strongly against channel fl ow as a mechanism for past exhumation of Greater Himalayan migmatites, climate change at 8-10 Ma arguably focused erosion at the Himalayan front to produce the Lesser Himalayan Duplex. If so, then the conditions for development of channel fl ow may have initiated at that time, and channel fl ow may be ongoing today.
APPENDIX: METHODS
Oriented samples were collected in transects mainly near the Langtang and Chilime drainages (Fig. 1) , similar to fi eld sampling of Macfarlane et al. (1992) . Foliations and structures were also noted, especially evaluating a previous proposal that lithologic units are bounded by brittle faults (Macfarlane et al., 1992) . From structurally lowest to highest, Lesser Himalayan units (ZL1-4) correspond to the Kuncha Formation, Dhading Dolomite plus Benighat Slate, Malekhu Limestone plus overlying calcic schists, and Ulleri augen gneiss and associated schists and clastic rocks. Greater Himalayan units are nearly all paragneisses (Formation I of Le Fort, 1975) , although sparse calcsilicates suggestive of Formation II were found within unit ZG3. Oriented, polished, thin sections were prepared parallel to lineations, but kinematic analysis proved inconclusive, and results are not reported in this paper; index minerals were identifi ed petrographically (GSA Data Repository Table 2 ; see footnote 1).
Electron microprobe data (GSA Data Repository Table 3 ; see footnote 1) and X-ray maps were collected by using the fully automated Cameca SX-50 housed in the Electron Microscopy Center, University of South Carolina. X-ray maps were used to determine appropriate locations for selecting mineral compositions and were collected with an accelerating voltage of 15 KV, a cup current of 200 nA, and time per pixel of 30 ms, with a pixel resolution typically 5 to 10 µm for garnets. Typical X-ray maps are shown in Kohn et al. (2004) . For quantitative analyses of silicates, operating conditions were 15 KV accelerating voltage, 20 s count time, 20 nA cup current, and a spot size of 2 µm for garnet and 5 µm for micas, rutile, and feldspar. Natural minerals were used as standards except for Zr (synthetic ZrO 2 ). A single standard was used for each element to minimize thermobarometric uncertainties . Chemical and chronologic analyses of monazite have been described elsewhere (Kohn et al., , 2005 .
Pressure-temperature conditions (Table 3) were calculated from standard mineral equilibria and program GeoThermoBarometry (GTB; Spear and Kohn, 2001; Spear et al., 1991) , including the thermometers garnet-biotite Fe-Mg exchange (Ferry and Spear, 1978, with the Berman, 1990 , garnet activity model) and Zrin-rutile thermometry (Zack et al., 2004; Watson et al., 2006) , the barometers garnet-plagioclase-muscovitebiotite (Hoisch, 1990) , and garnet-plagioclase-aluminosilicate-quartz (Koziol and Newton, 1988, with Berman, 1990 garnet activity model). Use of THER-MOCALC Holland, 1988, 1994; Holland and Powell, 1998) yields results within error of the calculations presented in this paper. In all cases, garnet compositions corresponding to the minimum in Fe/(Fe + Mg) ratio and Mn content were used, because these probably correspond most closely to the composition present at the peak of metamorphism (Spear, 1993; Kohn, 2003) . For garnet-biotite thermometry, effects of retrograde net-transfer reactions were accounted for using the approach of Kohn and Spear (2000) . For Zr-in-rutile, typical crystal sizes of ≤100 µm and cooling rates of 50-100 °C/m.y. imply closure temperatures of ~700 °C (Watson et al., 2006) ; i.e., for high-grade Greater Himalayan rocks, this thermometer may well be reset, providing only minimum temperatures. Phase equilibrium constraints were also considered in estimating temperatures and corresponding pressures. Specifi cally, the muscovite dehydration-melting reaction occurs at minimum temperatures of ~700 °C (Spear et al., 1999) and the presence of kyanite migmatites in unit ZG2 implies minimum pressures of 8 kbar. For pressures ≥8 kbar, the staurolite-in and kyanite-in reactions occur at minimum temperatures of ~575 and ~600 °C, respectively (Spear and Cheney, 1989) . Cordierite migmatites reported east of the study area by Inger and Harris (1992) with calculated pressures of 6 ± 1 kbar imply minimum temperatures of ~750 °C (Spear et al., 1999) . In four rocks described in this paper, the calculated temperatures violate phase equilibria, implying their compositions are not equilibrated at peak conditions; consequently, their temperatures were assumed to be equivalent to the known phase equilibrium (reaction) temperature. P-T conditions were plotted versus structural distance with respect to the Main Central Thrust, assuming a constant dip angle of 40° (Macfarlane et al., 1992 ; this study; Fig. 1) ; this approach changes apparent structural positions of samples reported in previous studies, because of different assumed dip angles (Inger and Harris, 1992; Fraser et al., 2000) and different measured distances (Macfarlane, 1995) .
Multiple T-t points were estimated within the context of monazite domain chemistry, which allows inference of prograde T-t histories, as well as thrust emplacement, which together with published muscovite 40 Ar/
39
Ar ages allows inference of cooling histories (see also Kohn et al., 2004 , for discussion of high-temperature cooling rates). For Langtang Thrust and Main Central Thrust migmatites, monazite core domains that formed immediately prior to melting, i.e. at ~700 °C, can be identifi ed based on minimum Y and Th contents (Kohn et al., , 2005 . This is the earliest age that can be linked to a specifi c temperature, i.e. the oldest retrievable T-t point. For any one sheet, the peak age is bracketed between this pre-melting age and the peak age of the next lower thrust sheet; with the estimated peak P-T conditions, this provides the peak T-t point. Subsequent T-t points are based on assumed in-sequence thrusting, with one thrust (the paleo-Main Himalayan Thrust) active at any time. This assumption implies a T-t point for an upper sheet corresponding to the temperature and age of the peak of metamorphism of the lower sheet(s), because T(upper sheet) < T(lower sheet) at the time of peak metamorphism of the lower sheet. Finally, the published muscovite 40 Ar/ 39 Ar age from the same unit is assumed to represent closure at ~400 °C (Hames and Bowring, 1994; Lister and Baldwin, 1996) . For Munsiari Thrust rocks, a pre-peak monazite age is identifi able, but its temperature is poorly constrained (probably above ~500 °C). A muscovite 40 Ar/
Ar age provides one cooling point.
To compare petrologic and chronologic data to models, estimates of model P-T conditions and P-T-t evolution are required. In the case of channel fl ow, these were taken directly from Jamieson et al. (2004) . For critical taper, many models are for steady state (Royden, 1993; Henry et al., 1997; Huerta et al., 1998 Huerta et al., , 1999 Bollinger et al., 2006) , and for the Henry-Bollinger model, some assumptions are required. The most important assumption is that metamorphism of rocks now exposed at the surface occurred close to the thrust plane (Main Himalayan Thrust), as sedimentary rocks were fi rst overthrust and metamorphosed, then underplated to the wedge and carried back to the surface. Because the models output P-T conditions everywhere within the wedge, this assumption yields a peak metamorphic P-T array (i.e., the metamorphic fi eld gradient appropriate to the thrust plane). As discussed in Results, P-T conditions similar to those inferred for the modern Main Himalayan Thrust support this assumption. The timing of peak metamorphism and cooling rate assume a 2 cm/yr transport of rocks, with paleopositions estimated from each rock's P-T conditions and the modeled thermal structure ( Fig. 3 ; Kohn et al., 2004) . Strictly speaking, a more comprehensive comparison necessitates a model that specifi es partitioning of overthrusting versus underthrusting in the context of high-grade P-T-t data, but such a model does not yet exist. Heating rates were assumed to be equivalent to initial cooling rates, and underplating was assumed to be instantaneous. Gradients in P and T are so sensitive to assumed rates of underplating that they are not considered quantitatively-even minor adjustments would probably allow close correspondence between critical taper models and observations.
In comparing observed P-T paths to models, P-T path shapes are considered more closely than exact placement, which is sensitive to relatively large thermobarometric and modeling uncertainties.
